Room-temperature ferromagnetism induced and controlled by electric field in BaNbO3 films Appl. Phys. Lett. 101, 232407 (2012) Phase diagrams of strained Ca1-xCexMnO3 films J. Appl. Phys. 112, 113703 (2012) Spin waves and small intrinsic damping in an in-plane magnetized FePt film Appl. Phys. Lett. 101, 222402 (2012) Strain dependence of transition temperatures and structural symmetry of BiFeO3 within the tetragonal-like structure Appl. Phys. Lett. 101, 212901 (2012) Additional information on J. Appl. Phys. have been used for magnetoelastic sensors in various applications over many years. This work is directed at the investigation of $3 lm thick iron-nickel-molybdenum-boron (FeNiMoB) thin films that are intended for integrated microsystems. The films are deposited on Si substrate by cosputtering of iron-nickel (FeNi), molybdenum (Mo), and boron (B) targets. The results show that dopants of Mo and B can significantly change the microstructure and magnetic properties of FeNi materials. When FeNi is doped with only Mo its crystal structure changes from polycrystalline to amorphous with the increase of dopant concentration; the transition point is found at about 10 at. % of Mo content. A significant change in anisotropic magnetic properties of FeNi is also observed as the Mo dopant level increases. The coercivity of FeNi films doped with Mo decreases to a value less than one third of the value without dopant. Doping the FeNi with B together with Mo considerably decreases the value of coercivity and the out-of-plane magnetic anisotropy properties, and it also greatly changes the microstructure of the material. In addition, doping B to FeNiMo remarkably reduces the remanence of the material. The film material that is fabricated using an optimized process is magnetically as soft as amorphous Metglas TM 2826MB with a coercivity of less than 40 Am À1 . The findings of this study provide us a better understanding of the effects of the compositions and microstructure of FeNiMoB thin film materials on their magnetic properties.
I. INTRODUCTION
Transverse vibration of cantilevers has been used for mass sensing and applied in chemical and biological detection for many years. [1] [2] [3] [4] [5] Similarly, freestanding beams made of ferromagnetic material as a sensor platform have been widely studied for detection of physical, chemical, and biochemical substances. [6] [7] [8] [9] [10] [11] [12] [13] These beams operate in the longitudinal mode offering a higher resonant frequencies compared to the transverse mode. Figs. 1(a) and 1(b) show a cantilever vibrating in the transverse and longitudinal mode, respectively, while Fig. 1(c) shows a freestanding beam vibrating in the longitudinal mode. The operation principle of such vibration-based sensors is to utilize a change in the resonant frequency as a result of the target molecules binding (thereby adding mass) on the sensors surface. The intrinsic mass sensitivity of such sensors is defined as the resonant frequency change per mass change, which is proportional to the resonant frequency and inversely proportional to the mass of the sensor. 14 To increase the mass sensitivity, a reduction of the weight and increase of frequency of a sensor is essential. In particular, the reduction of the sensor length is an effective method as it not only increases the frequency but also decreases the weight of the sensor. 15 Therefore, miniaturizing the sensor is an effective approach to improve its performance.
Commercially available Metglas TM 2826MB strips ($28 lm thickness) have been utilized effectively as magnetoelastic sensor platforms because of two reasons (1) very soft magnetic properties, e.g., coercivity values less than 100 Am À1 and remanence values less than 3% requiring a relatively small magnetic field to magnetize the material; (2) an amorphous structure, which leads to a significant reduction of the magnetocrystalline anisotropy. As a result of these properties, sensors fabricated from Metglas material are easy to actuate and are highly sensitive to mass loads. 13 Although fabricating a sensor from bulk scale Metglas strips in the range of 1 mm is possible with advanced machining techniques, thin film devices are needed for further miniaturization and integration with electronics. The motivation of this study is to fabricate a ferromagnetic FeNiMoB thin film material that can be used for fabricating sensor elements in the microscale range, in order to increase the mass sensitivity of the device. Previous studies employing co-sputtering of Fe and B targets or direct sputtering of Metglas TM 2826MB to produce Fe-B and FeNiMoB films, respectively, for microscale magnetoelastic sensors have shown very promising results. 16, 17 In the present work, FeNi thin films are doped with Mo and B using co-sputtering of FeNi, Mo and B a)
Author to whom correspondence should be addressed. Electronic mail: cai_liang@live.com. 112, 113912 (2012) targets to study the materials' properties. Based on the optimized process parameters, freestanding elements with 500 lm and 100 lm lengths have been fabricated using conventional microfabrication technology.
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II. EXPERIMENTAL PROCEDURE
FeNi-based thin film materials were deposited on a silicon (100) substrate via co-sputtering FeNi, Mo, and B targets using PVD 75, a three-source sputter system from Lesker Inc. All targets were 75 mm in diameter and had a purity of 99.99% for the respective elements. The atomic concentration of Fe and Ni in the FeNi target was designed to be 50:50. DC power was chosen for sputtering of all the targets. The distance between the substrate and targets was approximately 16.5 cm. The base pressure of the chamber was 3 Â 10 À7 Torr or lower, while the sputtering pressure was set to 7 mTorr of Ar. Before each deposition process, all targets were sputter-cleaned for 10 min with the shutter closed to remove any contaminants or oxides. A strong magnetron target holder was used for FeNi to compensate for the sputter yield reduction due to the magnetic property of the target material. The substrate holder was rotated at a speed of 20 rpm during the deposition process. Table I lists the details of the sputtering parameters that were used for the thin film deposition. The film thickness was measured using Dektak 6 M stylus profiler.
A Nova NanoSEM (FEI, Netherlands) scanning electron microscope (SEM) equipped with an energy-dispersive x-ray Spectroscopy (EDS) detector was used to characterize the morphology, elements distribution and composition of the films. X-ray photoelectron spectroscopy (XPS) measurements were carried out, using a Kratos Axis Ultra DLD system from Kratos Analytical, for analyses of the composition of the films. High-resolution spectrums were taken after the samples were etched for 300 s to reduce oxidation and contamination effects. A Rigaku Rotaflex x-ray diffractometer (XRD) with Cu-Ka1 radiation and FEI Titan Super-Twin transmission electron microscopy (TEM) were used to characterize the crystal structure of the films. TEM samples were prepared by using Helios 400s (FEI, Netherlands) focused ion beam (FIB) equipped with a nanomanipulator. After attaching the sample to the Cu TEM grid with lift-out method, the sample was cleaned using a low energy Ga ion beam to get rid of damaged areas. High-resolution TEM imaging and selected area diffraction (SAD) was performed on each sample.
Magnetic properties were studied with a vibrating sample magnetometer (VSM) model 1660 and a magnetic force microscope (MFM) model 5400 SPM from Agilent Technology. In-plane VSM measurements in two directions perpendicular to each other were conducted for each sample to study the in-plane magnetic anisotropic properties. Out-ofplane properties were characterized with the applied magnetic field perpendicular to the film plane. Cobalt-coated MFM probes with spring constant of 2.8 N/m and resonant frequency of 75 kHz were used to study the magnetic domain distribution. During MFM tests, the distance between the tip and the sample surface was kept at 200 nm to make sure the long-range dipolar magnetic force was dominant over Van der Waals force.
III. RESULTS AND DISCUSSION
A. Synthesis of FeNiMoB thin films
In order to fabricate a thin film material that has similar properties as Metglas TM 2826MB, the film should have similar composition and structure as the Metglas, which has a composition of Fe 40 Ni 38 Mo 4 B 18 and an amorphous structure. Taking into account the atomic composition of Metglas TM 2826MB and the physical properties, e.g., density of Fe, Ni, Mo, and B that are identical in both the bulk and thin film forms, and assuming the ratio of Fe to Ni to be close to 1, the weight ratio of FeNi to Mo and B in Metglas TM 2826MB is calculated to be 5.97 and 11.77, respectively. 18 To produce a thin film of FeNiMoB with such composition by cosputtering, the ratios of the deposition rates for FeNi to Mo and B targets should be 7.27 and 3.28, respectively. Fig. 2 shows the deposition rates for three targets (target size: 75 mm diameter) at a pressure of 7 mTorr under different sputtering power levels. It can be noted that the deposition rate of Mo is relatively high even at low power levels, while it is very low for B even at high power levels. To better understand the dopant effect in FeNiMoB materials, a set of experiments for deposition of FeNiMo without the presence of B was conducted first. Further experiments were then performed with the addition of B to the film to achieve optimum deposition conditions with respect to the microstructure and magnetic properties.
B. Microstructure characterization
The thin films' surface morphology was examined using SEM. It was observed that the higher the sputtering power the rougher the surface. The surface morphology of all FeNi films also exhibited nano scale cracks (that are typically a few hundred nanometers long and a few nanometers wide) regardless of the sputtering power. The sputtering pressure (or the Ar flow rate) may affect the internal stress of the thin film. An earlier study showed that a sputtering process at a pressure ranging from 3 to 6 mTorr resulted in FeNiMoB thin films with nano cluster morphology, an amorphous structure and better magnetic properties. 17 The sputtering pressure was 7 mTorr in this study because the plasma could not be ignited when the pressure was lower than 6.5 mTorr. Fig. 3 shows SEM images of thin films deposited under the conditions listed in Table I . When FeNi was doped with various concentrations of Mo, the nano-scale cracks reduced and the films became smoother. From the images S1-S6, one can see that both FeNi and FeNiMo films developed nano-scale granularity with a similar growing mechanism. The surface Table I . All images have the same scale bar as shown in S1.
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Liang et al. J. Appl. Phys. 112, 113912 (2012) morphology became much smoother and the nano scale cracks in the films were completely eliminated, when the FeNi films were doped with both Mo and B elements, as seen in Fig. 3 , images S7, S9, and S10. The elemental mapping and the composition of FeNi and FeNiMo films were analyzed by EDS; FeNiMoB was analyzed using an XPS as it has better resolution for B analysis. Due to the restricted access to XPS, only sample S10 was analyzed. It was observed that the distribution of elements in all films was even. The results of the atomic compositions are listed in Table I . In summary, the atomic ratio of Fe to Ni in films is less than 1 for samples S1 to S6 even though it was designed to be 1 in the sputter target. This discrepancy has been reported in the literature before 19 and may be due to (a) the analytical error from EDS (usually it has a 3% variation); (b) the actual amount of Fe and Ni in the FeNi target not being equal; (c) the sputtering process not being in the equilibrium state, at which the film materials would have the same composition of the target, particularly for the case of sputtering alloy. 20 Fig . 4 shows the XRD spectra of film materials deposited under the sputtering conditions listed in Table I . A facecentered cubic (FCC) polycrystalline structure of FeNi films (sample S1) was characterized by the presence of peaks from (111), (200), and (220) planes since the content of Fe is less than 60% in the Fe-Ni phase. This finding corresponds with the previously published reports. 21 Note that the peak of (220) is not plotted due to the high intensity of the silicon peak present at 2h near 69
. When FeNi was doped with Mo, the structure of the film started to change from polycrystalline to amorphous. The diffraction intensity at the (200) plane gradually decreased, and the spectral peaks disappeared while leaving a broad one at the (111) plane, when sputtering power of Mo increased to 35 W. The corresponding dopant concentration of Mo was 9.32 at. % or higher. In addition, it can be seen that the peak at the (111) position is slightly shifted towards a lower angle, in case of the crystalline FeNiMo films with low Mo content. This diffraction angle shift is due to the change in distance between (111) planes, which is an evidence of stress in the film materials. The amorphous structure yielded a film without nano cracks and with a smooth morphology. When both Mo and B were incorporated into FeNi films, the structure became amorphous, showing a broad diffraction spectrum as can be seen for samples S7 and S10 in Fig. 4 . Note that higher diffraction resolution settings were used in those cases. The lattice constant and the grain size were calculated based on the XRD profile of (111) plane. Their values change with the Mo content as shown in Fig. 5 , and they are approximately 3.58 Å and 80 Å , respectively. The lattice constant also agreed well with the values reported previously. 21, 22 In the range of higher Mo content, the corresponding lattice constant and grain size are about 3.55 Å and 22 Å , respectively. However, these values are only rough estimates. No information about the lattice and grain size was extracted from the XRD spectrum for FeNiMoB films, since they are amorphous in structure.
Additional investigations of the microstructure for selected FeNi, FeNiMo and FeNiMoB films were performed using TEM. No nano-scale cracks were found in the cross sectional TEM images, although such cracks were visible on the surface of some films in the SEM images (Fig. 3) . The high-resolution TEM images, with the SAD insets, are shown in Fig. 6 . A continuous multiple-ring type SAD pattern was seen in FeNi without dopant (S1) and with a small amount of Mo (5.24 at. %) dopant (S3), which indicates a polycrystalline material with nano grains. When the concentration of Mo increased to 9.32 at. % (S5), the SAD pattern changed to a single-ring type. This suggests only a single (111) phase existing in the material. Further increasing the Mo concentration to 14.94 at. % (S6) resulted in the SAD pattern becoming a halo ring, which indicates amorphous film materials with a very small grain size. When FeNi was doped with both Mo and B (S9, S10), the SAD patterns became a broadened-ring type implying a completely amorphous structure evolving in these materials. HRTEM images in Fig. 6 confirm that a nano-scale, polycrystalline structure of Fe-Ni phase has evolved in S1, S3, and S5. Progressively less crystallinity in FeNiMo was seen in S3 and S5, when the dopant of Mo content increased to 5.24 and 9.32 at. %, respectively. With high Mo content (S6), grains were barely distinguishable. Additionally, no grains were seen in FeNiMoB films (S9 and S10). These findings by TEM are consistent with the XRD results except for S5. Sample S5 was characterized to FeNiMoB films (S9 and S10). These findings by TEM are consistent with the XRD results except for S5. Sample S5 was characterized to be amorphous in structure using XRD, shown by the broad and barely visible peak at the (111) position. However, it was characterized as crystalline using SAD and HRTEM. A FeNiMo film with a slightly higher Mo content (11.24 at. %) was prepared to verify the Mo content at which the phase transition occurs. This sample was characterized as amorphous in structure by both XRD and TEM. A Mo content of $10 at. % seems to be the maximum level that FeNi can incorporate without significantly changing its crystal structure. Banerjee and coworkers reported that an FeNiMo film with 13.5 at. % Mo content was found to be of FCC structure. 22 However, since the Fe content was only about 3.3 at. % in their films, it is believed that the content of Fe and Mo was not high enough to disorder the Ni phase. In our case, FeNi with a higher dopant of Mo (S6 with 14.94 at. % Mo), and with multiple dopants (S9 and S10 doped with both Mo and B at various levels) was amorphous in structure. Samples S9 and S10 revealed a fully amorphous phase in the films as the SAD patterns became blurry; particularly the first, broad halo ring.
C. Magnetic properties of FeNiMoB films
The magnetic properties were characterized using a VSM in both in-plane and out-of-plane directions. FeNi becomes magnetically softer when doped with Mo or Mo and B (see Table I ). The coercivity and saturation magnetization decrease significantly with the increase of Mo dopant concentration, and a further considerable reduction occurs with doping both Mo and B in the films. This effect of Mo dopant was also reported in earlier studies. 19, 22, 23 A remarkable decrease of the field (H*) required to magnetize the material to 75% of its saturation magnetization is also seen with increasing Mo level, which indicates the saturation is achieved easier. The remanence, however, increases in FeNiMo films with increasing Mo concentration, as seen by the change in the normalized magnetization (Mr/Ms). Adding B to the FeNiMo films has appreciably reduced the remanence. It was observed that the magnetic properties within the film plane were isotropic, which is due to the absence of a magnetic field applied and the continuous rotation of the substrate during the process of film deposition. Such in-plane magnetic isotropy was also observed by others in the FeNiMo thin films. 19 Fig . 7 shows the magnetization loops for the in-plane and out-of-plane directions. To eliminate the volume effect normalized values are used for the analysis of the magnetization loops. Note that the magnetization loops for both inplane and out-of-plane directions are normalized using the total moments in the in-plane magnetization direction. During the VSM testing, a plastic holder was used to hold samples, in order to avoid any influence from the holder material. The film surface was set perpendicular to the applied field direction, when conducting the out-of-plane magnetization tests. The in-plane and out-of-plane magnetic properties have significantly changed with the dopants and their concentration. The film plane exhibits an easy axis of magnetization for all film materials. Fig. 7(a) shows that with the concentration of Mo increasing, the magnetic properties become softer in the inplane directions, and the magnetic susceptibility of the films increases considerably. This is seen in the hysteresis loops that became increasingly steeper with increasing Mo content. In addition, the energy losses during the magnetization cycle have decreased. This indicates that the movement of domain walls in the film plane becomes easier. The out-of plane FIG. 6 . TEM images with SAD inset for FeNi films with different dopants as listed in Table I . Polycrystalline with various gain size can be seen in the images of S1, S3 and S5, and no grain can be defined in the images of S6, S9 and S10. magnetization loops also significantly changed with the increase of Mo concentration. Such anisotropy changes can be explained by the crystal structure of the films. Samples S1 to S4 revealed FCC polycrystalline structures with (111) preferred orientation parallel to the film surface, as shown in Fig. 4 . S5 was found to be polycrystalline from TEM examination but amorphous from XRD analysis. For a magnetic material with FCC crystal structure, the easy axis of magnetization is along the crystallographic direction of h111i. 24, 25 Although the easy axis of magnetization is generally found in the film plane in a thin film material, the magnetocrystalline anisotropy favors the direction perpendicular to the film surface. Therefore, the deposited films with less crystallized structures are easier to magnetize along their surfaces. In this study the structure of FeNi film became less crystalline with increasing Mo content, and, as a result, the effect of magnetocrystalline anisotropy was reduced and the perpendicular anisotropy started to be broken down. Fig. 7(b) shows the magnetization loops of films doped with both Mo and B under various conditions, and it can be seen that these films became even softer. These changes are most likely due to the fact that amorphous microstructures have evolved in FeNiMoB films (see Fig. 6 S6, S9, S10 ). An increase of either dopant level resulted in a softer material (see Table I ). For instance, with the same sputtering conditions for FeNi and Mo targets, increasing the sputtering power for B resulted in a lower coercivity (S7 vs. S8, S9 vs. S10), and the same is true in the case of fixed deposition conditions for FeNi and B targets and varying ones for Mo (S8 vs. S9). A significant change of magnetic properties was observed between samples S9 and S10, when the sputtering power for B increased by 50 W. With the higher B content, the coercivity remarkably reduced to 18% from 220 Am À1 to 40 Am
À1
, and remanence reduced to about 27%, from 15.8% to 4.3%. The coercive force in the out-of-plane direction reduced to 28%, from 3.28 kAm À1 to 0.52 kAm
. This may be the reason why Metglas TM 2826MB has a relatively high B content (18 at. %). The magnetic properties of film S10 are very similar to those of Metglas TM 2826MB (sample S11). Examining a thinner FeNiMoB film of 600 nm, deposited with the same conditions as used in sample S10, showed similar magnetic properties as sample S10, indicating that there was no thickness effect. Metglas TM 2826MB exhibits excellent soft properties, as can be seen from the hysteresis Table I . Black solid lines are the magnetization loops taken at the in-plane direction of the film, blue broken lines are the loops taken at the out-ofplane direction of the film.
loop, i.e. (1) coercivity is as low as 70 Am
À1 in the easy directions; (2) perpendicular anisotropy is efficiently broken down, hence there is no domain wall movement in the thickness direction; (3) small remanence along the easy axis. Our sample S10 shows a small amount of domain wall displacement in the hard axis and a slightly higher remanence within the film plane, which probably results from the difference of composition between the two materials. The dopant composition in our deposited film has more Mo and less B content, which may not be sufficient enough to breakdown the perpendicular anisotropy in magnetic properties. Fig. 8 shows MFM images of films deposited at various conditions. The MFM images were set at the same phase range (10 ) , so that they are compatible with the color contrast. As can be seen from the decreasing color contrast, the out-of-plane anisotropy component becomes smaller with the increase of Mo content from 0 to 14.94 at. % (S1-S6). When doped with Mo and B, the domain features were barely distinguishable in the out-of-plane direction (S 7 to S10). In order to ensure the contrast was not caused by the surface morphology, an AFM image was taken and analyzed simultaneously on the same area, while conducting the MFM measurement. This confirmed that the MFM images were not the reflection of the surface roughness. This observation agrees well with the magnetization curves as shown in Freestanding rectangular sensor platforms were fabricated, using standard microfabrication technology and the process parameters for sample S10. The process started with spin coating a thick photoresist on a Si substrate to generate rectangular templates. The magnetic film was then deposited on top. A lift-off process completed the fabrication of the freestanding sensors. Fig. 9 shows the SEM images of as fabricated rectangular elements on photoresist templates before lift-off. Some thermal stress developed in the beams due to the different coefficient of thermal expansion between the photoresist and magnetic film. This stress can be reduced or released by either controlling the temperature of the substrate during sputtering or annealing the beams in a vacuum chamber at about 215 C. 27 
IV. CONCLUSIONS
Ferromagnetic FeNi-based thin films have been deposited using a co-sputtering process. Crystallinity of FeNi ($50:50) films doped with Mo decreased with the increase of Mo content, whereby about 10 at. % of Mo was found to be the maximum value that FeNi can incorporate without a change of its crystalline structure. Mo doped to FeNi considerably softened the magnetic properties of films, due to the breakdown of the perpendicular anisotropy, but it also increased the remanence. FeNi films doped with both Mo and B exhibited an amorphous structure with nano clusters. Addition of B to FeNiMo not only further reduced the perpendicular anisotropy, which resulted in small coercive fields and hysteresis losses, but also significantly reduced the remanence. A coercivity as low as 40 Am À1 was achieved with relatively high Mo dopant concentrations in FeNiMoB films, which is similar to Metglas 2826MB. Micro-scale freestanding magnetoelastic beams were successfully fabricated for future sensor applications.
